Abstract-We present the design, simulation, and measurement results of a broadband, low-profile, multibeam antenna. The antenna uses multiple feed elements placed on the focal plane of a planar microwave lens to achieve high-gain, multibeam operation with a wide field of view. The lens is based on a recently reported design employing the constituting unit cells of appropriately designed miniaturized-element frequency selective surfaces (MEFSSs) as its spatial time-delay units. A new technique for modeling such lenses is also presented that greatly simplifies the full-wave electromagnetic simulation of MEFSS-based lenses. This technique is based on treating the pixels of the lens as effective media with the same effective permittivity and permeability and significantly reduces the difficulty of modeling and optimizing the proposed multibeam antenna with its relatively large aperture size in a full-wave electromagnetic simulation tool. Using this procedure, a prototype multibeam antenna operating in the 8-10 GHz range is designed. The prototype is fabricated and characterized using a multiprobe, spherical near field system. The measurement results are in good agreement with the simulation results obtained using the proposed simplified modeling technique. Measurements demonstrate consistent radiation characteristics over the antenna's entire operational band with multiple beams in a field of view of .
I. INTRODUCTION

M
ULTIBEAM antenna arrays have found applications in areas including wireless communications [1] - [3] , radars [4] , [5] , satellite communications [6] , and surveillance systems to name a few. A number of different techniques have been used to design multibeam arrays in the past. In active antenna arrays where each element of the array is backed by a complete transmit/receive module, multibeam operation is achieved by exciting the array elements with the complex excitation coefficients required to generate the desired beams [7] . While these arrays offer a great flexibility in achieving multibeam operation, they are rather costly and complex solutions for most commercial systems. In passive antenna arrays, a single microwave source feeds the array elements via a corporate feed network. 1 In such arrays, multibeam operation is achieved through the use of an appropriately designed beam forming network (such as the Butler matrix, the Rotman lens [8] ). However, in passive arrays that use corporate feed networks, as the aperture size is increased beyond a certain point, the losses in the feed network start to dominate, thereby reducing the efficiency of the antenna [9] . This problem is largely absent in a different class of passive arrays in which a microwave lens is spatially fed with a feed antenna. In such an architecture, multiple feed antennas illuminating the lens at different angles can be used to achieve multibeam operation. Many types of microwave lenses have been presented in the literature. Dielectric lenses were among the first microwave lenses investigated [10] - [12] . Such lenses are generally heavy and bulky and suffer from internal refection losses. Fresnel lenses are low-profile alternatives to traditional dielectric lenses [13] . However, they have a narrower bandwidth and increased losses due to the shadow blockage. Other planar microwave lenses have addressed many of the shortcomings of the traditional dielectric lenses at low RF and microwave frequencies. The majority of planar microwave lenses are composed of arrays of transmitting and receiving antennas coupled together using some sort of a phase shifting or time-delaying mechanism [14] - [22] . Multibeam operation in spatially-fed lens antennas is commonly achieved by feed displacement. More advanced multibeam lens antennas are obtained by using iterative design techniques to optimize the lens or using microwave lenses with multiple focal points [17] . Frequency selective surfaces (FSSs) have also been used to design microwave lenses [23] - [25] . In [24] and [25] miniaturized-element frequency selective surfaces (MEFSSs) were used to address the main shortcomings of conventional planar lenses (namely, the poor scanning performance). These designs offer an excellent scanning performance in a wide field of view along with an extremely wide operating bandwidth.
Regardless of the implementation process, a major problem with high gain single-and multibeam antennas obtained by spatially feeding a microwave lens is the relatively large spacing between the feed point and the lens aperture as quantified by the focal distance to the aperture diameter ratio of the lens. This results in a high-profile structure where the entire thickness of the antenna array, inclusive of the feed, is generally comparable to the aperture dimensions. This is not desired in many applications where low-profile antenna arrays are required or in scenarios where a low ratio is needed to provide amplitude tapering over the aperture to reduce the side lobe levels. It is well-known that reducing the ratio of a lens antenna increases the amplitude tapering and reduces the spillover losses at the expense of decreasing the aperture efficiency [26] . However, in situations where a low ratio is needed (e.g., to get low side lobe levels), most traditional lens design techniques fail to deliver practical designs for achieving wideband, low-profile, true-time-delay microwave lenses. In this paper, we present a multibeam antenna composed of a planar MEFSS-based lens of the type reported in [27] fed with a focal plane array. The antenna is designed to have an , where is the separation between the focal plane and the lens' aperture and is the aperture diameter. This makes the overall profile of this antenna comparable to those of Farby-Perot-based antennas. However, unlike Fabry-Perot antennas [28] - [30] , the proposed antenna is capable of having multiple beams and operates over a wide bandwidth. We also introduce a new technique for modeling MEFSS-based microwave lenses that allows for rapid design and optimization of both the lenses and the antenna arrays that exploit them. The proposed technique is based on treating the constituting-elements of these lenses as equivalent media having relative effective permittivity and permeability values of . When homogenized in this manner, the MEFSS-based microwave lens can be easily simulated using commercially-available EM solvers with relatively low requirements for memory and computational resources. Using this procedure, a prototype of an antenna array with multiple beam in the operating in the frequency range of 8-10 GHz is designed, fabricated, and experimentally characterized.
II. PRINCIPLES OF OPERATION
A. Why Use Effective Medium Approach?
MEFSS-based microwave lenses have numerous phase shifting (or time-delay) pixels with very small subwavelength features [25] , [27] . Each pixel is composed of a number of different metallic patterns separated from each other with thin dielectric substrates. In each pixel, there are small variations between the shapes and dimensions of the metallic patterns occupying the different layers. Moreover, there are small variations between the dimensions of the different pixels occupying the lens. Because of the small minimum features and small variations between different pixels of the lens, simulating an MEFSS-based microwave lens using full-wave EM simulations requires an excessive amount of computational resources. Using the effective medium approach to model the lens offers a simple yet reasonably accurate method for simulating and optimizing lens-based antenna apertures using commercially-available full-wave tools. Fig. 1(a) shows the unit cell of an MEFSS with a lowpass frequency response [27] . The structure is composed of multiple subwavelength capacitive patches separated from each other by thin dielectric substrates. The equivalent circuit model of this structure is shown in Fig. 1(b) , where the capacitive patches are modeled with parallel capacitors and the dielectric substrates are modeled with transmission lines with small electrical lengths. Because of the small electrical lengths of these transmission lines, they can be approximated with series inductors. Therefore, the equivalent circuit model of this MEFSS is converted to that shown in Fig. 2 , which is a classical lowpass filter. A lowpass MEFSS of this type was used in [27] to design a broadband true-time-delay microwave lens. Since the MEFSS shown in Fig. 1 has subwavelength unit cell dimensions, it can be treated as a homogenous, effective medium with an effective relative permittivity of and an effective relative permeability of . and are frequency dependent and in general they vary significantly as a function of frequency for most periodic structures. However, for (bandpass or lowpass) MEFSSs with linear phase responses, and are expected to be constant in the frequency range where the MEFSS demonstrates a linear phase response. Moreover, because MEFSSs are designed to be impedance matched, and are expected to be equal to one another (i.e., ). To demonstrate the system-level equivalency 2 between the lowpass MEFSS shown in Fig. 1 and a homogenous slab of a material with , an MEFSS with a third-order, maximally-flat lowpass response with a cutoff frequency of 8.0 GHz is designed and simulated. Using the design procedure reported in [31] , the parameters of the equivalent circuit model of the MEFSS (shown in Fig. 2 ) are determined to be and . The synthesized equivalent circuit model of the MEFSS is then used to calculate its frequency response. Fig. 3(a) shows the calculated magnitude and phase of the transmission coefficient of this MEFSS in the frequency range of 0-8 GHz. As can be seen, the magnitude of the MEFSS transmission coefficient remains constant in the 0-4 GHz frequency range and its phase is approximately linear in this range.
B. Effective Medium Approach for Modeling True-Time-Delay MEFSSs
The effective constitutive parameters of this MEFSS are extracted through a resonant inverse scattering approach reported . (b) Real and imaginary parts for the permittivity and permeability of a homogeneous slab with the same frequency response as the one shown in Fig. 3(a) . The results are derived from calculated S-parameters for the third-order filter shown in Fig. 3(a) . The thickness of the equivalent slab is considered to be 1 mm.
in [32] . Using this procedure, the effective permittivity, permeability, and the refractive index of the MEFSS are retrieved from its complex transmission and reflection coefficients. In doing this, the MEFSS is assumed to be equivalent to a slab of a homogeneous material with a thickness of 1 mm. Notice that this thickness is chosen arbitrarily, since we are only concerned about the system level equivalency of the response of this MEFSS and that of a homogenous effective medium slab. Fig. 3(b) shows the real and imaginary parts of the permittivity and permeability of the effective homogenous slab with the same frequency response as that shown in Fig. 3 (a) in the frequency range of 0-8 GHz. Since the MEFSS is assumed to be lossless in this stage, the algorithm correctly predicts . Fig. 3 (b) shows that in the frequency range of 0-4 GHz corresponding to the frequency range where the insertion loss of the MEFSS is close to 0 dB and its phase response is linear. As we get closer to the cutoff frequency of the MEFSS, and start to show significantly dispersive properties. Nonetheless, the results shown in Fig. 3 (b) confirm that over a given frequency band, a lowpass MEFSS with a linear phase response and a small insertion loss can be modeled as an effective homogeneous medium with and the transmission and reflection coefficients of the FSS can be calculated if the frequency-dependent and are known. If the transmission and reflection coefficients of a slab with these extracted effective material parameters are calculated, the filter response shown in Fig. 3(a) will be recovered. This confirms that the approximations made in the extraction procedure [32] do not significantly impact the accuracy of this process. This modeling approach can be used to significantly simplify the design process and optimization of MEFSS-based multibeam antenna arrays as will be shown in the subsequent sections. Fig. 4(a) and (b) show the top and the side views of the proposed multibeam antenna. The structure is composed of a lens fed with multiple feed antennas located on a plane parallel to and in close proximity of the lens aperture. The lens is assumed to be formed from multiple concentric rings of magneto-dielectric slabs with , all with the same thickness of . The apertures of all feed antennas are assumed to be on the same plane located in parallel with the aperture of the lens. In the design example and experiments reported in the subsequent sections of this paper, probe-fed patch antennas are used as the feed antennas. However, this is done purely for simplifying the experimental process and other types of antennas such as open ended waveguides, horns, slots, etc. can be used as well. The lens has aperture diameter of and the distance between the feed plane and the input aperture of the lens is .
C. MEFSS-Based Microwave Lens Design Using the Effective Medium Approach
The design procedure of the proposed antenna consists of a few different steps. The first step is to design the feed antenna. Once the feed antenna is designed, its physical dimensions and current distribution are determined either analytically or numerically. The next step is to choose the aperture diameter and the separation between the feed plane and the input aperture of the lens, . These parameters are largely determined from practical design considerations such as the maximum tolerable thickness of the antenna, the minimum tolerable side lobe level, and the desired 3-dB beamwidth, which will impact the choice of and values. The lens thickness, , is chosen arbitrarily. 3 The lens aperture then is divided into concentric zones, where is an integer. The th zone is assumed to be composed of a homogeneous magneto-dielectric slab with a thickness of with . The number of different zones, , is a design parameter that can be chosen by the designer. The upper bound for can be determined from the aperture diameter and the unit cell size of the MEFSSs that will be used to synthesize the homogeneous magneto-dielectric materials filling each zone of the lens. Once these physical parameters are determined, the relative permittivity and permeability of the magneto-dielectric materials filling each zone of the lens should be determined. This is carried out using a ray tracing approach similar to the one presented in [25] and [27] .
D. Design Example
In this subsection, we present a design example to demonstrate the procedure described in Section II-C. In this example, we assume that the high-gain antenna aperture is achieved by feeding a flat lens of the type shown in Fig. 4 by a probe-fed microstrip patch antenna. The antenna is designed to operate at a center frequency of 9 GHz with an aperture diameter of 20 cm or equivalently , where is the free-space wavelength at the center frequency of operation. The distance between the focal plane of the antenna and the input aperture of the lens is chosen to be equal to 4 cm. This yields an ratio of 0.2 for this antenna, which is between 5 to 8 times smaller than the values of other MEFSS-based microwave lenses reported previously in [24] , [25] , and [27] . 4 The aperture of the lens is divided into concentric zones and the widths of the zones are assumed to be equal to each other. The lens thickness is chosen to be equal to . In this design example, the lens is designed to provide an planar wavefront at its output aperture when fed with a patch antenna symmetrically positioned at the center of its aperture on the focal plane. As described in Section II-D, for this problem the indices of refraction of different zones of the lens can be determined using the ray tracing approach discussed in [25] , [27] . Since the lens is composed of magneto-dielectric materials with , this calculation only needs to be performed at one single frequency (e.g., the center frequency of operation in this case). Table I shows the indices of refraction of different zones of the lens obtained from this design procedure and also the final values after the lens was further optimized using full-wave EM simulations in CST Microwave Studio. The goal of these full-wave EM optimizations was to achieve the desired aperture field distribution at the output of the lens when it was fed with a realistic model of the feed antenna.
Even though the values for the different zones of this lens are obtained based on the assumption of having a single feed antenna located on its optical axis, the lens can be used for off-axis illumination/radiation conditions as well. In this design example, once the lens is designed (i.e., all values are determined) we determine the location of the feed antennas on the focal plane that generate far field beams in different off-axis directions through full-wave EM simulations of the lens in CST Studio. To do this, the microwave lens shown in Fig. 4 is excited with plane waves arriving from different directions. Specifically, for each incidence angle of 0 , 15 , 30 , and 45 , the electric field distribution over the focal plane of the lens is calculated and the location of maximum power density is determined. Due to the TTD nature of the lens, this simulation only needs to be done at a single frequency, since this location will not change over the entire frequency range where . Fig. 5 shows the simulated power patterns on (a line within) the focal plane of the lens obtained using these simulations. Using this procedure, the feed locations resulting in far field beams in the directions of 0 , 15 , 30 , and 45 referred to as , are obtained to be , , , , respectively. Because of reciprocity, placing feed antennas on the focal plane at these locations is expected to result in the generation of beams in the far field along these specific directions. This will be experimentally demonstrated in Section III.
III. PHYSICAL IMPLEMENTATION
Once the indices of refraction of different zones of the lens are determined, the effective medium that occupies each zone of the lens is synthesized using lowpass MEFSSs of the type shown in Fig. 1 . To do this, for the th zone of the lens, a lowpass MEFSS is designed to have the same complex transmission and reflection coefficients as those of a slab with a thickness of and the index of refraction of . The design procedure for lowpass MEFSSs that provide the desired indices of refraction 's is similar to what is reported in [27] and will not be repeated here. In the current design, the dimensions of all elements populating each zone of the proposed structure are considered to be (or ). The implementation process starts by synthesizing an MEFSS that provides the same frequency response as that of a 1 cm thick slab of an effective medium with the index of refraction of . Since the zone occupying the center of the lens has the highest effective index, its optical path length determines the order of the lowpass MEFSS that needs to be used to synthesize the desired transfer function [27] . In this case, an MEFSS with a th-order lowpass response and a linear transmission phase over the frequency range of interest is used to emulate the transfer function needed from . The remaining zones of the lens (corresponding to indices of refraction of to ) are also implemented using a similar procedure following the design guidelines provided in [27] . The lens considered in this example has a low value. Therefore, the variations of the effective indices of refraction between zone 1 and zone 16 is very large (from 7.6 down to 1.1 as seen from Table I ). Implementation of the effective medium occupying zone 1 requires an MEFSS with a relatively high order of . On the other hand, implementing the effective medium occupying zone 16 requires an MEFSS with a lower order and fewer number of layers. Thus, to implement the lens shown in Fig. 4 in a true time delay fashion, MEFSSs with different orders must be used. MEFSSs with different orders, however, have different thicknesses [27] . Therefore, implementation of this lens in a TTD fashion using a completely planar structure is not practical. 5 Since moving to a nonplanar structure (with different thicknesses at different locations along the lens' aperture) increases the fabrication difficulty and cost, a compromise was made in synthesizing the effective media occupying a few of the outer zones of the lens. Specifically, for the four outer zones (zones 13-16), phase wrapping was used to increase the optical path length of the rays passing through these zones by to allow higher-order MEFSSs to be used to implement the effective media occupying these zones. The drawback with using this technique us that it introduces distortion because of the non-TTD nature of the outer zones. However, as will be shown in Section IV-C, the effect of this distortion is minimal, since it is introduced in the outer zones of the lens where the amplitude of the excitation tapers off from its peak at the center.
The 17th-order MEFSS occupying the center zone of the lens is formed by nine capacitive patch layers separated from one another by eight dielectric layers. The dielectric substrates are assumed to be nonmagnetic and have a dielectric constant of (Rogers RT/duroid 5880). The thickness of each layer is 3.175 mm or equivalently . Also, since this structure is composed of multiple substrates that need to be bonded together, the effect if the bonding materials on the response of each zone is taken into account. The bonding material used here is Rogers 4450F prepreg with the dielectric constant of and the thickness of 0.1 mm. The detailed physical parameters of the elements occupying each zone are provided in Table II . To facilitate the implementation procedure for the effective media occupying each zone of the lens, the structures of all elements are assumed to be symmetric with respect to the center capacitive layer. This requires , , , and as reported in Table II . This simplification is used to greatly reduce the complexity of the implementation process. Nevertheless, it still yields satisfactory results. In certain layers of some zones of the lens, the dielectric substrates are loaded with cylindrical air holes with the diameter of 6 mm. In such cases, it is necessary to completely etch the patches at those layers. This is indicated by word "CUT" in Table II .
IV. EXPERIMENTAL VERIFICATION AND MEASUREMENT RESULTS
A. Multibeam Antenna Prototype
A prototype of the high-gain antenna including the feed antenna and the lens was fabricated. The excitation feed is a microstrip antenna with the center frequency of 9 GHz printed on Rogers RT/duroid 5880 substrate with the thickness of 0.508 mm. The antenna is fed with a coaxial cable connected to the antenna through the substrate. The realized gain of the feed antenna is approximately 8 dBi and its half power beam widths in the E-and H-planes are approximately 80 and 72 , respectively. The lens examined in Section II-D was fabricated using standard PCB lithography, substrate bonding, and milling (machining) techniques. The fabricated prototype has nine metal layers and eight substrate layers. Rogers RT/duroid 5880 substrate with the thickness of 3.175 mm are used between metallic layers. All the dielectric substrates are bonded together using a 0.1-mm-thick Rogers 4450F binding file with . The air holes in the dielectric substrates were machined into the substrates using a milling machine. The total thickness of the structure, including the bonding layers is 26.1 mm which is about at 9 GHz. Fig. 6 shows a photograph of the fabricated lens as a part of the proposed high-gain antenna. As can be observed, the panel dimensions are (or equivalently ).
B. Measurement Results
As described in Section II-D, beam-steering is achieved by switching the feed location on the focal plane of the lens. There- fore, in the first set of measurements, the goal was to find the location of the feed antenna that generates a beam in the desired direction. To do so, the measurement setup described in [24, Fig. 10 ] was used. The measurement setup consists of a large metallic screen with the dimensions of with a rectangular shaped opening having the same dimensions as those of the lens at its center. The screen was placed between transmitting and receiving antennas both connected to the two ports of a vector network analyzer (VNA). An X-band horn antenna was used to illuminate the structure. The lens was placed in the far field region of the horn antenna, and illuminated by the generated plane waves with various incidence angles ranging from normal to 45 . At the other side of the fixture an open-ended semirigid coaxial cable with the center conductor extended by about 1 cm, was used to sample the electric field on a line within the focal plane. The structure was illuminated by vertically-polarized plane waves with incident angles of 0 , 15 , 30 , and 45 , and the received power patterns were measured over the frequency range of interest while the probe was swept over the focal line with an increment of 5 mm. Fig. 5 shows the measured received power pattern alongside the simulation results at the center frequency of 9 GHz for various incidence angles of the electromagnetic waves. For each incidence angle, the location of the field maximum of the measured curve is considered to determine the physical location of the feed antenna on the focal plane that generates a far field beam pointed towards that direction. As can be seen from Fig. 5 , a good agreement between the measurement results and the simulation results employing the simplified equivalent medium of the lens (see Fig. 4 ) is observed.
Once the feed locations were experimentally verified, the feed antennas were positioned on the focal plane of the lens and the radiation characteristics of the lens were measured. To do this, a multiprobe spherical near field system was used over the frequency band of 8-10 GHz. Fig. 7 shows the measured and simulated radiation patterns of the multibeam antenna with four feeds corresponding to far field beams along , and 45 directions at the center frequency. The radiation patterns are normalized to their peak values. The simulation results are obtained using full-wave EM simulations in CST Microwave Studio with the simplified model of the lens shown in Fig. 4 . In general, a good agreement is observed between the simulation and measurement results despite the approximations made in the modeling and implementation of the lens as discussed in Section II and Section III. As can be observed from Fig. 7 , by selecting the appropriate feed antenna, the direction of the peak radiation can be steered towards the desired direction in the far-field region of the antenna. Due to the TTD nature of the lens, the antenna maintains consistent radiation characteristics across its entire band of operation. Therefore, for all frequencies within the operating band, when the feed antenna was placed at , the main beam was always steered towards and beam squinting was not observed. Additionally, because of the amplitude tapering caused by the small ratio of the antenna, the side lobe level for the broadside beam is considerably smaller than that of a uniformly illuminated aperture as can be seen from Fig. 7(a) . The discrepancies observed between the simulation and measurement results shown in Fig. 7 can be attributed the accuracy of the extraction of the effective material parameters. Since the lens has low ratio, some of the regions of the lens are illuminated with large oblique incidence angles. Under oblique incidence angles, the response of a homogeneous effective medium slab differs slightly from that of the MEFSS with a linear phase response. For example, for the center fed case, the incidence angles of the rays for the central zones are close to normal and they gradually increase as we move towards the outer zones. Due to the tapering of the excitation amplitude at the edges, the effect of outer zones is minimal. Therefore, the agreement between the simulation results and the measurement results in Fig. 7(a) is reasonably good. This issue becomes more visible as the feed is moved on the focal line away from the center of the lens to get the beams pointed at other desired directions. In these cases, the agreement between the simulation and the measurement results deteriorates as can be observed from Fig. 7(b)-(d) .
The gain and directivity of the antenna were measured using the same near field system for different frequency bands and different beam directions and the results are shown in Fig. 8 . The difference between the directivity and realized gain is mainly attributed to ohmic and dielectric losses as well as the impedance mismatch losses of the feed. Also, as expected, the antenna gain drops as the scanning angle increases. Fig. 9(a) shows the aperture efficiency of the antenna as a function of frequency for normal incidence. The relatively low aperture efficiency values are a consequence of the small ratio of the antenna, which creates amplitude tapering over the lens aperture and results in reduced side lobe levels compared to uniformly illuminated apertures [e.g., see Fig. 7(a) ].
C. Time-Domain Analysis
As described in Section II-D, in the implementation of the lens, it was necessary to use phase wrapping to implement the MEFSSs occupying the outer zones of the lens. To quantify the potential impact of this in introducing distortion in the lens response, a series of time-domain measurements were performed on the lens itself. Specifically, the fidelity factor of the lens was measured for time-domain signals with different incidence angles. To do this, the procedure described in [25] and [27] are used. The fidelity factor quantifies the correlation between the incidence and transmitted pulses through the lens' aperture. Fig. 9(b) shows the measured fidelity factors for the four different beams with the center frequency of 9 GHz and the bandwidths equal to the bandwidth of the implemented structure (8-10 GHz). As can be seen, a very high fidelity factor can be achieved when the structure is illumined with wideband pulses. The fidelity factor decreases with increasing the angle of incidence. Nonetheless, in almost every case, the fidelity factor remains relatively high as expected. This confirms that the phase wrapping technique used to implement the MEFSSs of the outer zones of the lens does not significantly deteriorate the performance of the lens for wideband pulses.
V. CONCLUSION
A multibeam antenna consisting of a planar MEFSS-based microwave lens fed with a focal plane array and a new method for modeling MEFSS-based true-time-delay microwave lenses were presented and discussed. It was demonstrated that an MEFSS with a linear phase response can be treated as a slab of an effective medium having the same effective permittivity and permeability values over the frequency range where its transmission phase remains linear. Using this system-level equivalency, an MEFSS-based true-time-delay microwave lens can be modeled as a collection of a number of different homogeneous dielectric rings with the same thickness and different inner and outer radii. This method eliminates the need to model the different metallic and dielectric layers constituting each different unit cell of an MEFSS used in the lens and can be especially useful in modeling FSSs with subwavelength dimensions and complex unit cell designs such as the one reported in [33] . This offers a practical method for simulating and optimizing MEFSS-based microwave lenses with large aperture dimensions using full-wave EM simulation tools. Using this approach, a multibeam antenna consisting of a planar lens fed with a focal plane array was designed and experimentally characterized. The proposed antenna has a significantly lower profile compared to other spatially-fed apertures such as reflectarrays and lens antennas. A focal plane array placed in parallel with the lens aperture is used to feed the antenna and achieve multiple independent beams in the range. The structure operates over the frequency band of 8-10 GHz and demonstrates consistent radiation characteristics within this frequency range. Experimental measurement results demonstrated a good agreement with the simulation results obtained using the proposed simple modeling technique reported in this paper.
